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Azimuthal anisotropy

Anisotropies in momentum-space originate from 
anisotropies in initial geometry (including fluctuations)
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Directed flow (v1): sensitive to EoS and phase transition 
Elliptic(v2), Triangular(v3), …: sensitive to η/s and initial fluctuations

Voloshin and Zhang, Z.Phys.C70, 665  
Alver and Roland, PRC81, 054905

Csernai and Rohrich, PLB458, 454 (1999)
Gale et al., PRL110, 012302 (2013)
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Directed flow in A+A
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that at RHIC energy. These ratios indicate a strong viola-
tion by a factor of 1.82 (4.55) of the beam rapidity scaling
discussed in [36].

Figure 2(b) shows the relative momentum shift
hpxi=hpTi ! hpT cosð!#!SPÞi=hpTi along the spectator
plane as a function of pseudorapidity. It is obtained by
introducing a pT=hpTi weight in front of ux and uy in
Eq. (3). The nonzero hpxiodd=hpTi shift has a smaller
magnitude than vodd

1 . The hpxieven vanishes which is con-
sistent with the dipolelike event-by-event fluctuations of
the initial energy density in a system with zero net trans-
verse momentum. Disappearance of hpxi at " % 0 indi-
cates that particles produced at midrapidity are not
involved in balancing the transverse momentum carried
away by spectators.

Figures 3(a) and 3(b) present v1 and hpxi=hpTi versus
collision centrality. The odd components were calculated
by taking values at negative " with an opposite sign. Both
v1 components have weak centrality dependence. The
hpxieven component is zero at all centralities, while
hpxiodd=hpTi is a steeper function of centrality than vodd

1 .
This suggests that vodd

1 has two contributions. The first
contribution has a similar origin as veven

1 due to asymmetric
dipolelike initial energy distribution. The second contribu-
tion grows almost linearly from central to peripheral

collisions and represents an effect of sideward collective
motion of particles at nonzero rapidity due to expansion of
the initially tilted source. This hpxi is balanced by that of
the particles produced at opposite rapidity and in very
forward (spectator) regions. The magnitude of vodd

1 at the
LHC is significantly smaller than at RHIC with a similar
centrality dependence [see Fig. 3(c)].
Figure 4(a) presents v1 as a function of pT . Both com-

ponents change sign around pT between 1.2 and
1:7 GeV=c which is expected for the dipolelike energy
fluctuations when the momentum of the low pT particles
is balanced by those at high pT [24–27]. The pT depen-
dence of veven

1 relative to !SP is similar to that of veven
1

relative to !ð1Þ
PP estimated from the Fourier fits of the two-

particle correlations [12,20,42], while its magnitude is
smaller by a factor of 40 [27,52]. This can be interpreted

as a weak correlation, hcosð!ð1Þ
PP #!SPÞi & 1, between the

orientation of the participant and spectator collision sym-
metry planes. Compared to the RHIC measurements in
Fig. 4(b), vodd

1 shows a similar trend including the sign
change around pT of 1:5 GeV=c in central collisions and a
negative value at all pT for peripheral collisions.
According to hydrodynamic model calculations

[24,27,53] particles with low pT should flow in the direc-
tion opposite to the largest density gradient. This, together
with the negative even and odd v1 components relative to
!SP measured for particles at midrapidity with low trans-
verse momentum (pT & 1:2 GeV=c) allows one, in prin-
ciple, to determine if spectators deflect away from or
towards the center of the system. However, a detailed
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Rapidity dependent momentum anisotropy at RHIC 4

Figure 2. Left: Differential directed flow v1(p⊥) of directly emitted pions (no
resonance decays) for ηs = y = 0, 1, 2, 3, 4. Except for a region of positive v1 at
0 < p⊥ < 0.5GeV and a shift of the rest of the curves by about 0.5GeV to larger
p⊥, the curves for direct protons look similar. Right: p⊥-integrated elliptic flow
v2 for direct pions as a function of pseudorapidity η, compared with data for all
charged particles [6, 7]. The hydrodynamic v2 values have been corrected with an
energy density dependent “thermalizations coefficient” as described in the text.
The Jacobian for the transformation from y to η has been included.

at ηs decreases, and the time evolution of ϵp follows the same pattern as previously
observed at midrapidity when reducing the collision energy (see Fig. 7 in [14]).

At forward rapidities the transverse overlap region becomes asymmetric and is
shifted sidewards in the x (or impact parameter) direction. This turns out to give
rise to a non-zero directed flow signal v1(p⊥) which increases with |ηs| (left panel in
Fig. 2). Of course, since the colliding matter receives no overall transverse kick, the
p⊥-integrated directed flow is zero.

The hydrodynamically calculated elliptic flow v2(η) has the same general shape as
previously obtained by Hirano with a fully (3+1)-dimensional code. We now correct
this hydrodynamic behaviour with a “thermalization coefficient” F (x) which is fitted
to midrapidity data in peripheral and lower-energy collisions [3, 4]. F depends on
the initial transversally averaged energy density at rapidity y = ηs through the ratio
x(ηs)= ⟨e(ηs)⟩/e0 (where e0 =9.5GeV/fm3 is the average initial energy density in
central Au+Au collisions at 130AGeV). As discussed in the Introduction, this scaling
variable is, up to a multiplicative constant, identical with the variable (1/S) dN/dy
found by STAR and NA49 to control the magnitude of v2 at midrapidity [3, 4]. We
parametrize the behavior shown in Fig. 25 of [4] with a simple linear function F (x)≡
vmeas
2

vhydro
2

= 0.15 + 0.85 x for x≤ 1 while F (x)= 1 for x> 1. (x= 1 corresponds in Fig. 25

of [4] to (1/S) dNch/dy = 25 fm−2.) The corrected vmeas
2 (η)= F (x(η)) · vhydro

2 (η)
for b =6.8 fm is shown by the full circles in the right panel of Fig. 2, together with
minimum bias data from PHOBOS and STAR. Even if our v2 values are still a bit high
at |η| > 2, we see good qualitative agreement with the data. We conclude that the
same incomplete thermalization effects previously seen at midrapidity in peripheral
and lower-energy collisions also describe qualitatively the rapid decrease of v2 at non-
zero rapidity in minimum bias collisions at RHIC. Local thermalization seems to be
driven by the local initial energy density reached in the collision.

v1 in A+A collisions 
v1 is caused by the initial density asymmetry 
<v1> at η=0 is zero due to symmetric density 
non zero v1(pT) comes from the density fluctuation 

Note: <px>=0 if no kick from spectators

U. Heinz and P. Kolb, J.Phys.G30 (2004) S1229 How about in asymmetric collisions?
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STAR Cu+Au collisions
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Intrinsic asymmetric density 
larger directed flow compared to A+A collisions? 

Sizable initial electric field 
pointing from Au to Cu, due to the charge difference (# of 
protons) in both spectators

Cu Au
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Effect of the electric field

5

Positive particles move to the direction along E-field, and negative particles 
go to the opposite, which appears as charge dependence of v1 

Y. Hirono et al., Phys. Rev. C90, 021903 (2014), sensitive to the electric conductivity
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dN±

d�
/ 1 + 2v1 cos(�� 1)± dE cos(��  E)

dE : strength of dipole deformation induced by E-field 
      (proportional to the electric conductivity) 
ψE : azimuthal angle of E-field

If we have the electric field, azimuthal distribution  
of particles can be written:

Note: This idea was first reported at IS2013 conference by Y. Hirono
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CHARGE-DEPENDENT DIRECTED FLOW IN ASYMMETRIC . . . PHYSICAL REVIEW C 90, 064903 (2014)
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FIG. 1. (Color online) Time evolution of event-averaged components of the magnetic (left-hand side) and electric (right-hand side) fields
in the center of the overlap region of colliding Cu + Au (solid lines) and Au + Au (dotted lines) systems at

√
sNN = 200 GeV and b = 7 fm.

The distributions are averaged over 70 events.

quantify within PHSD these possible signals and to provide
robust predictions.

We use here the PHSD version where the creation of
electromagnetic fields and particle transport in these fields are
taken into account by means of the retarded Liénard-Wiechert
potentials [26]. Only the source of the spectator protons is
considered since this source is dominant at the initial stage
when target and projectile spectators are close to each other.
By the time of about 1 fm/c, after contact of the nuclei,
the electromagnetic fields drop down by three orders of
magnitude and become comparable with the field from the
participants [26]. This offers the very specific property of the
early electric field to check experimentally if electric charges
are already present at this instant.

The time evolution of transverse electromagnetic field
components is compared between asymmetric Cu + Au (solid
lines) and symmetric Au + Au systems (dotted lines) in
Fig. 1 where the left-hand side displays the magnetic field
components and the right-hand side the electric ones. The
maximal values of the magnetic field components ⟨eBy⟩ are
on the level of a few m2

π being comparable for both systems.

For the symmetric case the results are in agreement with our
earlier results in Ref. [26]. The electric field components also
agree with the earlier results for symmetric collisions [26]
but in the case of the Cu + Au reaction the ⟨eEx⟩ component
is by a factor of ∼5 larger than that for symmetric Au + Au
collisions at the same energy [26]. This strong electric field
eEx is only present for about 0.25 fm/c during the overlap
phase of the heavy ions and will act as an electric accelerator
on charges that are present during this time. Note that when
charges appear only later together with the formation of
soft partons (t ! 0.5 fm/c) there will be no corresponding
charge separation effect on the directed flow. In the case of
symmetric collisions it was noted that ⟨Ex⟩ ≈ ⟨By⟩ [26,37].
This approximate equality is broken for asymmetric Cu + Au
collisions where ⟨eBy⟩ > ⟨eEx⟩.

Figure 2, furthermore, shows the distribution in the strength
and direction of electric field components for off-central
Cu + Au and Au + Au collisions. This snapshot is made for
the time when both nuclear centers are in the same transverse
plane. This condition corresponds to different times for the
two systems considered, which is confirmed by a shift of the
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FIG. 2. (Color online) Event-averaged electric field in the transverse plane for a Cu + Au (left) and Au + Au (right) collision at 200 GeV
at time t = 0.05 fm/c for the impact parameter b = 7 fm. Each vector represents the direction and magnitude of the electric field at that point.

064903-3

PRC90.064903, 
Parton-Hadron String Dynamics 

Life time of E-field would be very short
No signal if there are no quarks (charges) when
E-field is strong
In other words, sensitive to the number of
quark & anti-quark at very early stage
(V. Voronyuk et al., PRC90.064903)
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Sensitive to the time evolution of
quark production
Also important input for theoretical
prediction of CME/CMW
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STARSolenoidal Tracker At RHIC (STAR)

EEMC
BBCTOF

Trigger detectors: VPD, ZDC (detecting spectator neutrons) 
Tracking of charged particles: TPC (|η|<1) 
Event planes: ZDC-SMD

VPD

TPC
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Directed flow measurement

Ψ1 determined by Zero Degree Calorimeter (ZDC) and  
Shower Max Detector (SMD) 

measure the energy and position of spectator neutrons 
Spectator deflects “outward” from the center of collisions (not “inward”) 

S. Voloshin and TN, arXiv:1604.04597 
provides the direction of E-field
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Charge-dependent directed flow

Sizable v1 measured relative to Ψ1{ZDC-SMD} in Au-going side (Ψ1Au<0) 
v1 becomes smaller in more peripheral collisions  
Sign change of v1 around pT=1GeV/c to balance the momentum 
(more low pT particles in Cu-side, more high pT particles in Au-side) 

Larger v1 compared to A+A collisions 
|v1even|~0.2% in Pb+Pb 2.76TeV, |v1odd|~0.3% in Au+Au 200GeV (ALICE, PRL111.23202) 
Note: v1even in A+A is only due to density fluctuations
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Charge-dependent directed flow

Δv1=v1(h+)-v1(h-), and v1~1%, Δv1<0.2% 
Δv1 looks to be negative in pT<2 GeV/c, 
similar pT dependence to PHSD model with the electric field (PHSD+EF) (PRC90.064903),  
but smaller by a factor of 10 

Finite but small Δv1 indicates:  
existence of E-field 
very small number of quarks at times earlier than the E-field life time(~0.25 fm/c) 

PHSD assumes all partons are present at t~0 and affected by the E-field
10
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η dependence of v1

Charge-difference can be seen in -1<η<1 and 1<pT<2 GeV/c 
Difference appears to be larger in Cu-going direction 
Opposite trend to the PHSD model
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pT=1-2 
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in sign of v1 
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How many quarks at initial state?

12

Rough estimate from PDF 
Quark density in PDF →Quarks at initial state 
Quarks + Gluons in PDF →All quarks created 
- Assuming gluons are converted to 2 quarks at final 
state 

0.2<pT<1 GeV/c,  |η|<1, √s=200 GeV → 4×10-4 < x < 0.01 
Initial quarks/All quarks created ~15%, which is close to 
10% obtained from Δv1+PHSD model
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Small fraction of initial quarks to all quarks 
produced in the collision!

τ (fm/c)
10 2 3 4 5 6 7 8 9

up or down quarks

strange quarks
isentropic expansion

thermalization

ha
dr

on
iz

at
io

n

Two-wave of quark production
S. Pratt, WWND2014

Supporting “two-wave scenario”?
Two waves of light quark production, where small 
fraction of quarks are created at early time
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STAR Identified Particle v1

Mass ordering at low pT  
Can be explained by the radial flow (S. Voloshin, PRC55.R1630(1997)) 

Would be interesting to look at charge-dependent kaons 
To test the two-wave scenario, where s and u quark productions would be 
expected to be different
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STAR Summary

Charge-dependent directed flow in Cu+Au collisions has been 
measured at the STAR experiment 

Charge dependence of v1, consistent with an existence of the initial 
electric field, has been observed 
The magnitude of the difference, Δv1, is much smaller than the 
PHSD model prediction, likely indicating that the number of initial 
(anti-)quarks are very small when the E-Field is strong (t<0.25 fm/c) 
Simple estimate based on the parton distribution functions  
is consistent with the above interpretation

Thank you for your attention!
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v1 in Au+Au vs Pb+Pb 
ALICE, PRL111.23202

16

v1f!p
SPg ¼

1ffiffiffi
2

p
2
4 huxQp

x iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jhQt

xQ
p
x ij

p þ huyQp
y iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jhQt
yQ

p
y ij

q
3
5;

v1f!t
SPg ¼ # 1ffiffiffi

2
p

2
4 huxQt

xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jhQt

xQ
p
x ij

p þ huyQt
yiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jhQt
yQ

p
y ij

q
3
5;

(3)

where ux ¼ cos! and uy ¼ sin! are defined for charged
particles at midrapidity. The odd and even components of
the directed flow relative to the spectator plane [! ¼ !SP

in Eq. (1)] are then calculated from the equations

vodd
1 f!SPg ¼ ½v1f!p

SPgþ v1f!t
SPg%=2 (4)

and

veven
1 f!SPg ¼ ½v1f!p

SPg# v1f!t
SPg%=2: (5)

Equation (4) defines the sign of vodd
1 using the convention

used at RHIC [33,34] and implies a positive directed flow
[or deflection along the positive x-axis direction in Fig. 1(a)]
of the projectile spectators.

The negative correlations hQt
xQ

p
x i andhQt

yQ
p
y i [51] indi-

cate a deflection of the projectile and target spectators in
opposite directions. These correlations are sensitive to a
combination of the spectator’s directed flow relative to the
reaction plane !RP and an additional contribution due to
flow of spectators along the fluctuating !p

SP and !t
SP

directions [see Fig. 1(b)]. The two contributions are not
separable using current experimental techniques and both
should be considered in theoretical interpretations of the
results derived from Eqs. (3)–(5). Given that the transverse

deflection of spectators [dspec &
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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is tiny compared to the ZDC detector position jzZDCj ¼
114 m along the beam direction, one can make a rough
estimate of the corresponding transverse momentum car-
ried by an individual spectator: pspec

T & ffiffiffiffiffiffiffiffi
sNN

p ðdspec=zZDCÞ.
The measured dspec is about 0.67 (0.92) mm [51] for the
5%–10% (30%–40%) centrality class which yields pspec

T )
16ð22Þ MeV=c. Correlations hQt

xQ
p
y i and hQt

yQ
p
x i in or-

thogonal directions, which can be nonzero due to residual
detector effects, are less than 5% [51] of those in the
aligned directions. The 10%–20% [51] difference between
hQt

xQ
p
x i and hQt

yQ
p
y i for midcentral collisions is mainly due

to a different offset of the beam spot from the center of the
ZDCs in plane and perpendicular to the LHC accelerator
ring. The corresponding dominant systematic uncertainty
is evaluated from the spread of results for different terms in
Eq. (3) and estimated to be below 20%. The results
obtained with Eq. (3) are consistent with calculations using
the event plane method [3]. The results with opposite
polarity of the magnetic field of the ALICE detector are
consistent within 5%. Variation of the results with the
collision centrality estimated with the TPC, VZERO, and
silicon pixel detectors [47] and with narrowing the nominal
*10 cm range of the collision vertex along the beam

direction from the center of the ALICE detector to
*7 cm is less than 5%. Altering the selection criteria for
the tracks reconstructed with the TPC resulted in a
3%–5% variation of the results. The systematic error eval-
uated for each of the sources listed above were added in
quadrature to obtain the total systematic uncertainty of the
measurement.
Figure 2(a) shows the charged particle directed flow as a

function of pseudorapidity for 10%–20%, 30%–40%, and
10%–60% centrality classes. The veven

1 ð"Þ component is
found to be negative and independent of ". The vodd

1 ð"Þ
component exhibits a negative slope as a function of
pseudorapidity. This is in contrast to the positive slope
expected from the model calculations [39,40] with stronger
rotation of the participant zone at the LHC than at RHIC.
The vodd

1 ð"Þ at the highest RHIC energy [34] has the same
sign of the slope and a factor of 3 larger magnitude. This is
consistent with a smaller tilt of the participant zone in the
x-z plane [see Fig. 1(a)] as predicted in [38] for LHC
energies. Figure 2(c) compares vodd

1 with the STAR data
[34] for Au-Au collisions at
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FIG. 2 (color online). (a) v1 and (b) hpxi=hpTi versus pseudor-
apidity in Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV. (c) vodd
1 com-

pared to the STAR data [34] for Au-Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200
(62.4) GeV downscaled by a factor 0.37 (0.12). The statistical
(systematic) uncertainties are indicated by the error bars (shaded
bands). Lines (to guide the eye) represent fits with a linear
(constant) function for vodd

1 (veven
1 ).
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STAR v1odd in Au+Au 200GeV

Small signal of v1 at mid-rapidity in Au+Au collisions

17

shows, on expanded scales, the mid-! region measured by
the main TPC, where v1 is resolvable below the 0.1% level.
Within the studied ! range, the sign of charged particle v1

is opposite to that of the spectators, and the v1 magnitude
increases from central to peripheral collisions. For 0%–5%
centrality, the slope dv1=d! changes sign above the
middle of the forward time projection chamber (FTPC)
pseudorapidity acceptance, and our results agree with the
pattern reported by PHOBOS over a broader ! range
[17,18].

The ratio hpxi=hpti is shown in Fig. 1 for the most
central data (0%–5%), in comparison to v1. Here, px refers
to the in-plane component of a track’s transverse momen-
tum, a quantity commonly used prior to the 1990s [10]. As
elaborated below, there is interest in the behavior of both
v1 and hpxi when v1ðptÞ changes sign.

To further examine v1, the 200 GeV Auþ Au data are
divided into bins of pt (Fig. 2). The upper and lower panels
show results from the main TPC and the FTPCs, respec-
tively. In the main TPC, v1ðptÞ crosses zero at 1< pt <
2 GeV=c for central and midcentral collisions. A zero-
crossing behavior in v1ðptÞ is necessarily exhibited by a
hydrodynamic calculation in which hpxi, presumably im-
parted during the passing time of the initial-state nuclei,
has been neglected and set equal to zero [19]. Because of
the poor momentum resolution of the FTPCs at higher pt,
we cannot test the zero crossing at forward !. It is note-
worthy that the observed hpxi, presented in Fig. 1, is far

from negligible, which contradicts the assumptions used in
the hydrodynamic calculations.
The observed v1ðptÞ dependence can be explained by

assuming that pions and baryons flow with opposite sign,
coupled with the measured baryon enhancement at higher
pt [20]. For example, taking linear functions [21] for pion
and baryon v1ðptÞ, we obtain a satisfactory description of
our data (see the solid curve in Fig. 2) with pion v1 slopes,
dv1=dpt ¼ %0:18& 0:02, %0:34& 0:02, and %0:52&
0:04, and baryon v1 slopes 0:56& 0:12, 0:86& 0:10, and
1:02& 0:12 for centralities 0%–5%, 5%–40%, and 40%–
80%, respectively. Note that the opposite v1 slope for pions
and protons, with the magnitude of proton slopes being
larger, in this case is consistent with calculations [22]
where the ‘‘wiggle’’ rapidity dependence of identified par-
ticles has been predicted to result from the interplay of
stopping and radial flow. Currently, we are unable to test
the wiggle effect in v1ðyÞ with identified particles due to
limited statistics and limited particle identification.
To study the energy and system-size dependence of v1,

Fig. 3 shows Cuþ Cu data compared to Auþ Au in the
centrality range 30%–60% for both 200 and 62.4 GeV.
There is a clear trend for v1ð!Þ to decrease with increasing
beam energy for both Auþ Au and Cuþ Cu. In the
studied pseudorapidity and centrality range, v1ð!Þ is,
within errors, independent of the system size at each
beam energy, despite the three-to-one mass ratio between
gold and copper. This remarkable feature holds for almost
all centrality bins studied, as shown in Fig. 4, and persists
even near mid-! (as shown in the upper panel), where
elliptic flow (v2) of charged particles in Cuþ Cu is con-
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FIG. 2 (color online). Charged particle v1ðptÞ in 200 GeV
Auþ Au for three centralities. The dashed curve and dotted
curve are hydrodynamic calculations for the labeled rapidities at
impact parameter 6.8 fm (15%–25% most central collisions). See
the text for an explanation of the solid curve. The plotted error
bars are statistical, and systematic errors (see Fig. 1) are within
10%.
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FIG. 3 (color online). Charged particle v1ð!Þ for midcentral
(30%–60%) Auþ Au and Cuþ Cu at 200 and 62.4 GeV. The
solid curves and dashed curves are odd-order polynomial fits to
guide the eye and demonstrate the forward-backward symmetry
of the data. The wider shaded bands are from AMPT for the
same conditions as the data. For clarity, 200 (62.4) GeV calcu-
lations are shown only at negative (positive) !. The plotted error
bars are statistical, and systematic errors (see Figs. 1 and 5) are
within 10%.
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shows, on expanded scales, the mid-! region measured by
the main TPC, where v1 is resolvable below the 0.1% level.
Within the studied ! range, the sign of charged particle v1

is opposite to that of the spectators, and the v1 magnitude
increases from central to peripheral collisions. For 0%–5%
centrality, the slope dv1=d! changes sign above the
middle of the forward time projection chamber (FTPC)
pseudorapidity acceptance, and our results agree with the
pattern reported by PHOBOS over a broader ! range
[17,18].

The ratio hpxi=hpti is shown in Fig. 1 for the most
central data (0%–5%), in comparison to v1. Here, px refers
to the in-plane component of a track’s transverse momen-
tum, a quantity commonly used prior to the 1990s [10]. As
elaborated below, there is interest in the behavior of both
v1 and hpxi when v1ðptÞ changes sign.

To further examine v1, the 200 GeV Auþ Au data are
divided into bins of pt (Fig. 2). The upper and lower panels
show results from the main TPC and the FTPCs, respec-
tively. In the main TPC, v1ðptÞ crosses zero at 1< pt <
2 GeV=c for central and midcentral collisions. A zero-
crossing behavior in v1ðptÞ is necessarily exhibited by a
hydrodynamic calculation in which hpxi, presumably im-
parted during the passing time of the initial-state nuclei,
has been neglected and set equal to zero [19]. Because of
the poor momentum resolution of the FTPCs at higher pt,
we cannot test the zero crossing at forward !. It is note-
worthy that the observed hpxi, presented in Fig. 1, is far

from negligible, which contradicts the assumptions used in
the hydrodynamic calculations.
The observed v1ðptÞ dependence can be explained by

assuming that pions and baryons flow with opposite sign,
coupled with the measured baryon enhancement at higher
pt [20]. For example, taking linear functions [21] for pion
and baryon v1ðptÞ, we obtain a satisfactory description of
our data (see the solid curve in Fig. 2) with pion v1 slopes,
dv1=dpt ¼ %0:18& 0:02, %0:34& 0:02, and %0:52&
0:04, and baryon v1 slopes 0:56& 0:12, 0:86& 0:10, and
1:02& 0:12 for centralities 0%–5%, 5%–40%, and 40%–
80%, respectively. Note that the opposite v1 slope for pions
and protons, with the magnitude of proton slopes being
larger, in this case is consistent with calculations [22]
where the ‘‘wiggle’’ rapidity dependence of identified par-
ticles has been predicted to result from the interplay of
stopping and radial flow. Currently, we are unable to test
the wiggle effect in v1ðyÞ with identified particles due to
limited statistics and limited particle identification.
To study the energy and system-size dependence of v1,

Fig. 3 shows Cuþ Cu data compared to Auþ Au in the
centrality range 30%–60% for both 200 and 62.4 GeV.
There is a clear trend for v1ð!Þ to decrease with increasing
beam energy for both Auþ Au and Cuþ Cu. In the
studied pseudorapidity and centrality range, v1ð!Þ is,
within errors, independent of the system size at each
beam energy, despite the three-to-one mass ratio between
gold and copper. This remarkable feature holds for almost
all centrality bins studied, as shown in Fig. 4, and persists
even near mid-! (as shown in the upper panel), where
elliptic flow (v2) of charged particles in Cuþ Cu is con-
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FIG. 2 (color online). Charged particle v1ðptÞ in 200 GeV
Auþ Au for three centralities. The dashed curve and dotted
curve are hydrodynamic calculations for the labeled rapidities at
impact parameter 6.8 fm (15%–25% most central collisions). See
the text for an explanation of the solid curve. The plotted error
bars are statistical, and systematic errors (see Fig. 1) are within
10%.
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FIG. 3 (color online). Charged particle v1ð!Þ for midcentral
(30%–60%) Auþ Au and Cuþ Cu at 200 and 62.4 GeV. The
solid curves and dashed curves are odd-order polynomial fits to
guide the eye and demonstrate the forward-backward symmetry
of the data. The wider shaded bands are from AMPT for the
same conditions as the data. For clarity, 200 (62.4) GeV calcu-
lations are shown only at negative (positive) !. The plotted error
bars are statistical, and systematic errors (see Figs. 1 and 5) are
within 10%.
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The heavy-ion program at the Relativistic Heavy-Ion
Collider (RHIC) seeks to understand the nature and dy-
namics of strongly interacting matter under extreme con-
ditions. It is widely expected that in collisions at RHIC, a
new partonic phase of matter is created, strongly interact-
ing quark gluon plasma [1]. In particular, its bulk nature is
revealed in strong elliptic flow, which in central collisions
approaches the predictions of ideal hydrodynamics, assum-
ing system thermalization on an extremely short time scale
(! 0:5 fm=c) [2]. However, the mechanism behind such
rapid thermalization remains far from clear and is under
active theoretical study [3–5]. This may be related to
another novel phenomenon that could be relevant at
RHIC—saturation of the gluon distribution—which char-
acterizes the nuclear parton distribution prior to collision
[6]. Various theoretical approaches to connect collision
geometry, saturated gluon distributions, and the onset of
bulk collective behavior are being explored [2]; more
experimental input would guide these efforts.

Directed flow refers to collective sidewards deflection of
particles and is characterized by a first-order harmonic (v1)
of the Fourier expansion of particle’s azimuthal distribu-
tion with respect to the reaction plane [7]. At large! (in the
fragmentation region) the directed flow is believed to be
generated during the nuclear passage time (2R="!
0:1 fm=c) [8,9]. It therefore probes the onset of bulk
collective dynamics during thermalization, providing valu-
able experimental guidance to models of the preequili-
brium stage. In this Letter, we present multiple-
differential measurements of v1 for Auþ Au and Cuþ
Cu collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 and 62.4 GeVas a function of
!, pt, and collision centrality. Here, we report an intriguing
new universal scaling of the phenomenon with collision
centrality. Existing implementations of Boltzmann or cas-
cade and hydrodynamic models are unable to explain the
measured trends.

At RHIC energies, it is a challenge to measure v1

accurately due to the relatively small signal and a poten-
tially large systematic error arising from nonflow (azimu-
thal correlations not related to the reaction plane
orientation). In this work, the reaction plane was deter-
mined from the sideward deflection of spectator neutrons
[9,10] measured in the Shower Maximum Detectors
(SMD) of the Zero Degree Calorimeters (ZDC) [11,12].
The v1 based on this quantity, denoted v1fZDC-SMDg
[11], should have minimal contribution from nonflow ef-
fects due to the large ! gap between the spectator neutrons
used to establish the reaction plane and the ! region where
the measurements were performed.

Charged-particle tracks were reconstructed in STAR’s
main time projection chamber (TPC) [13] and forward
TPCs [14], with pseudorapidity coverage j!j< 1:3 and
2:5< j!j< 4:0, respectively. The centrality definition (in

which zero represents the most central collisions) and track
quality cuts are the same as in Ref. [15]. This study is based
on Auþ Au samples of 8$ 106 events at 200 GeV, 5$
106 at 62.4 GeV, and Cuþ Cu samples of 12$ 106 events
at 200 GeV, and 8$ 106 at 62.4 GeV. All were obtained
with a minimum-bias trigger. Systematic uncertainties on
v1 measurements are estimated to be within 10% for the !
range studied. This limit is based on comparisons of
v1fZDC-SMDg and independent analysis methods
[11,15], and we also make use of forward-backward sym-
metry to constrain estimates of systematic errors. Nonflow
is not the dominant source of systematic uncertainty. More
details about these errors can be found in Refs. [11,15].
The resolution [7] of the first-order event plane recon-

structed using the ZDC-SMDs is a crucial quantity for this
analysis. The magnitude of the event-plane resolution,
defined as hcosð!EP &!RPÞi [7], increases with the spec-
tator v1 and the number of neutrons per event detected by
the ZDC-SMDs. The ZDC size is optimized for 200 GeV,
and its acceptance for spectator neutrons decreases at lower
energies due to spectator neutrons being emitted within a
cone whose apex angle increases with the inverse of the
beam momentum. For the 30%–60% most central colli-
sions, resolutions for 200 GeV Auþ Auand Cuþ Cu, and
for 62.4 GeV Auþ Au and Cuþ Cu are about 0.4, 0.15,
0.15, and 0.04, respectively (more details are provided in
Table 1 of Ref. [16]). The 30%–60% centrality interval is
the only region where the ZDC-SMD event-plane resolu-
tion can be reliably determined for all four systems.
The charged particle v1ð!Þ is shown in Fig. 1 for Auþ

Au at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV in three centralities. The inset
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FIG. 1 (color online). Charged particle v1ð!Þ for three central-
ities in Auþ Au collisions at 200 GeV. The arrows indicate the
algebraic sign of v1 for spectator neutrons, and their positions on
the ! axis correspond to beam rapidity. The inset shows the
mid-! region in more detail. The error bars are statistical, and
the shaded bands show systematic errors. PHOBOS results [18]
are also shown for midcentral collisions.
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STAR Density asymmetry in Cu+Au
3

FIG. 3. hcos( 13 � sp)i and hcos( 13)i as function of the
impact parameter for Pb+Pb collisions at

p
sNN = 2.76 TeV

(open markers) and Cu+Au collisions at 200 GeV (filled
markers). In Cu+Au collisions the Au nucleus is defined as
the projectile;  sp is calculated using Au spectators.

published.
The e↵ect of the projectile and target spectator flow

direction decorrelation, and the correlations of the cor-
responding directions with the direction of the density
gradient at midrapidity, can be studied as follows. Let
us assume that the direction of the spectator flow is along
the line between the center of the nucleus and the “center
of gravity” of the projectile spectators in the transverse
plane. We denote the corresponding angle  

sp

. We cal-
culate the correlation of that angle with  13, indicative of
the direction of the (participant) density gradients that
determined directed flow at midrapidity. The results of
these calculations for Pb+Pb collision are shown in Fig. 3
by open red markers. One can clearly see a positive cor-
relations, which again would lead to a conclusion that an
average the flow at midrapidity should be negative (recall
that on average the directed flow is in the opposite direc-
tion to  13)). Blue open points in Fig. 3 show the results
for hcos( 13)i and are consistent with zero as expected
for symmetric nuclear collisions.

While the discussion above about directed flow at
midrapidity in symmetric collisions is based on rather
subtle details of the treatment/modeling of the fluctua-
tions in the initial density distributions, in the asymmet-
ric collisions, such as Cu+Au, the direction of the density
gradient practically is insensitive to the fluctuations. In
this case, the line of arguments and the conclusion be-
come totally unambiguous. In the calculations discussed
below we treat Au nucleus as the projectile, and Au spec-
tators are used in calculations of the angle  

sp

.
Figure 4 presents the nucleon participant distribut-

ing in Cu+Au collisions in the impact parameter range
2 < b < 3 fm. The distribution looks rather symmet-
ric, but a more detail study indicates that the density
gradient is larger in the positive “x” direction. This is

FIG. 4. Participant distribution in Cu+Au collisions in the
impact parameter range 2 < b < 3 fm. Positive x direction is
toward the Au nucleus.

clearly seen in Fig. 3 (filled blue points). The e↵ect of
the density fluctuations and the corresponding correla-
tions between the density gradients and the position of
spectators (shown by red points) is rather insignificant
in this case unless one considers very central collisions.
In peripheral collision we observe that the red points are
slightly below the blue points, which can be explained
by the decorrelations of the direction of spectator flow
relative to the reaction plane determined by the impact
parameter.

The measurements of directed flow at midrapidity in
Cu+Au collisions [17, 18] show that charge particles at
midrapidity on average flow in the opposite direction to
that of the projectile spectators. Thus, once again, we
are to conclude that on the average the spectators flow
“outward” from the collision center. We note that the
experimental values of the mean v1 in Cu+Au collisions
is about an order of magnitude larger than the values of
even v1 in Pb+Pb collisions (while the magnitude of the
odd v1 component at LHC is only about 3 times smaller
than that at top RHIC energies) - which is consistent with
much stronger values of hcos( 13 � sp

)i in Cu+Au col-
lisions compared to Pb+Pb collisions as shown in Fig. 3.

In summary, we have analyzed the recent directed
flow measurements at midrapidity in Pb+Pb collisions
at LHC and Cu+Au collisions at RHIC in order to de-
termine the direction of flow of the spectator nucleons.
We conclude that all the measurements strongly supports
the picture of spectators flowing “outward” from the col-
lision center-line.

2

procedure, as this direction depends mostly on the dis-
tribution of the matter inside the nucleus. As we argue
below, there is no real model dependence/ambiguity here.
In asymmetric collisions, such as Cu+Au, the direction
of the density gradient can be established unambiguously
on average, over all events. In symmetric collisions, e.g.
Au+Au at RHIC or Pb+Pb at LHC, one has to account
for the fluctuation nature of the density distribution and
look for the density gradients relative to the position of
the spectators.

To quantify the anisotropic flow we use a standard
Fourier decomposition of the azimuthal particle distri-
bution with respect to the n-th harmonic symmetry
planes [11, 12]:
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is the n-th harmonic flow coe�cient and  
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is
the n-th harmonic symmetry plane determined by the ini-
tial geometry of the system (as given by the participant
nucleon distribution, see below). According to model cal-
culations (see [13] and references therein) the event-by-
event fluctuations in anisotropic flow closely follow the
fluctuations in the corresponding eccentricities of the ini-
tial density distribution. Following [10], for the latter we
use the definition, for n � 2:

"

n,x

= "

n

cos(n 
n

) = �hrn cos(n�)i / hrni (2)

"

n,y

= "

n

sin(n 
n

) = �hrn sin(n�)i / hrni (3)

and for n = 1 (most important for this study)

"13,x = "13 cos( 13) = �
⌦
r

3 cos(�)
↵
/

⌦
r

3
↵

(4)

"13,y = "13 sin( 13) = �
⌦
r

3 sin(�)
↵
/

⌦
r

3
↵

(5)

where "

n

=
q
"

2
n,x

+ "

2
n,y

is the so-called participant ec-

centricity [14]. In our Monte-Carlo model, in calcu-
lations of the average quantities in eccentricity defini-
tions we weight with the number of participating nu-
cleons (those undergoing inelastic collision). For the
nucleon distribution in the nuclei we use the Woods-
Saxon density distribution with standard parameters (for
the exact values see [15]); the inelastic nucleon-nucleon
cross section is taken to be 42 mb for calculations of atp
sNN = 200 GeV (Cu+Au collisions discussed below)

and 64 mb for
p
sNN = 2.76 TeV (Pb+Pb collisions). In

our model calculations we chose the positive “x” direction
to point along the impact parameter vector, and assume
that the spectators deflect in the “outwards” direction
(target spectators flow in the impact parameter vector
direction, as indicated in Fig. 1), and then check if this
agrees with the experimental observations.

There exist several measurements of directed flow at
midrapidity relative to the spectator nucleons in Au+Au
and Cu+Cu collisions at RHIC. Unfortunately, all those
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FIG. 2. hcos( 13)i as function of the di↵erence in number of
target and projectile nucleon participants in Pb+Pb collision
in the impact parameter range 2 < b < 3 fm.

measurements reported only rapidity odd component of
the directed flow, that is not suitable for our discus-
sion, as in symmetric collision this component is exactly
zero at midrapidity. Rapidity even component, not zero
at midrapidity even in symmetric collisions due to fluc-
tuations in initial density distribution, has been mea-
sured only in Pb+Pb collisions at LHC by ALICE Col-
laboration [16]. We will analyze these measurements
below first, and then discuss less ambiguous directed
flow measurements in asymmetric Cu+Au collisions atp
sNN = 200 GeV by PHENIX [17] and STAR [18] Col-

laborations.
In symmetric nuclear collisions, such as Pb+Pb, the di-

rected flow at midrapidity due to density fluctuations, if
measured relative to the projectile spectator flow, can be
non-zero only due to decorrelation in the flow directions
of target and projectile spectators (and corresponding
geometry) or fluctuations in the relative reaction plane
resolutions due to fluctuations in the number of the spec-
tators. We test the latter by calculating the directed flow
at midrapidity, cos( 13), as a function of the di↵erence
in the number of projectile and target participants. An
example of such calculations for the impact parameter
range 2 < b < 3 fm is shown in Fig. 2. From that plot it
follows that in the case of the smaller number of projec-
tile participants hcos( 13)i > 0 and the average directed
flow would be negative. The smaller number of partici-
pants corresponds to the larger number of spectators that
have to lead to better event plane resolution and thus
dominate the measurements. Having in mind that the
measurements [16] indicate negative rapidity even com-
ponent of the directed flow one has to conclude that the
flow of spectators must be “outward” (as assumed in the
model). This reasoning one can check with direct mea-
surement of flow as a function of the di↵erence in number
of spectators (e.g. as measured by zero degree calorime-
ters). Unfortunately at present there is no such results

Ψ13 points to the direction where the density gradient is steeper 
   = direction to which more high pT particles are emitted 

Significantly larger <cos(ΔΨ13)> in Cu+Au 
   →Larger density asymmetry 

In Au+Au, <cos(ΔΨ13)>=0  
   but weak correlation between Ψ13 and spectator plane ΨSP
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FIG. 3. hcos( 13 � sp)i and hcos( 13)i as function of the
impact parameter for Pb+Pb collisions at

p
sNN = 2.76 TeV

(open markers) and Cu+Au collisions at 200 GeV (filled
markers). In Cu+Au collisions the Au nucleus is defined as
the projectile;  sp is calculated using Au spectators.

published.
The e↵ect of the projectile and target spectator flow

direction decorrelation, and the correlations of the cor-
responding directions with the direction of the density
gradient at midrapidity, can be studied as follows. Let
us assume that the direction of the spectator flow is along
the line between the center of the nucleus and the “center
of gravity” of the projectile spectators in the transverse
plane. We denote the corresponding angle  

sp

. We cal-
culate the correlation of that angle with  13, indicative of
the direction of the (participant) density gradients that
determined directed flow at midrapidity. The results of
these calculations for Pb+Pb collision are shown in Fig. 3
by open red markers. One can clearly see a positive cor-
relations, which again would lead to a conclusion that an
average the flow at midrapidity should be negative (recall
that on average the directed flow is in the opposite direc-
tion to  13)). Blue open points in Fig. 3 show the results
for hcos( 13)i and are consistent with zero as expected
for symmetric nuclear collisions.

While the discussion above about directed flow at
midrapidity in symmetric collisions is based on rather
subtle details of the treatment/modeling of the fluctua-
tions in the initial density distributions, in the asymmet-
ric collisions, such as Cu+Au, the direction of the density
gradient practically is insensitive to the fluctuations. In
this case, the line of arguments and the conclusion be-
come totally unambiguous. In the calculations discussed
below we treat Au nucleus as the projectile, and Au spec-
tators are used in calculations of the angle  

sp

.
Figure 4 presents the nucleon participant distribut-

ing in Cu+Au collisions in the impact parameter range
2 < b < 3 fm. The distribution looks rather symmet-
ric, but a more detail study indicates that the density
gradient is larger in the positive “x” direction. This is

FIG. 4. Participant distribution in Cu+Au collisions in the
impact parameter range 2 < b < 3 fm. Positive x direction is
toward the Au nucleus.

clearly seen in Fig. 3 (filled blue points). The e↵ect of
the density fluctuations and the corresponding correla-
tions between the density gradients and the position of
spectators (shown by red points) is rather insignificant
in this case unless one considers very central collisions.
In peripheral collision we observe that the red points are
slightly below the blue points, which can be explained
by the decorrelations of the direction of spectator flow
relative to the reaction plane determined by the impact
parameter.

The measurements of directed flow at midrapidity in
Cu+Au collisions [17, 18] show that charge particles at
midrapidity on average flow in the opposite direction to
that of the projectile spectators. Thus, once again, we
are to conclude that on the average the spectators flow
“outward” from the collision center. We note that the
experimental values of the mean v1 in Cu+Au collisions
is about an order of magnitude larger than the values of
even v1 in Pb+Pb collisions (while the magnitude of the
odd v1 component at LHC is only about 3 times smaller
than that at top RHIC energies) - which is consistent with
much stronger values of hcos( 13 � sp

)i in Cu+Au col-
lisions compared to Pb+Pb collisions as shown in Fig. 3.

In summary, we have analyzed the recent directed
flow measurements at midrapidity in Pb+Pb collisions
at LHC and Cu+Au collisions at RHIC in order to de-
termine the direction of flow of the spectator nucleons.
We conclude that all the measurements strongly supports
the picture of spectators flowing “outward” from the col-
lision center-line.
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STAR Comparison with Hydro-model

vn{EP} is in good agreement with vn{SP}  
v2 and v3 are described well by e-b-e viscous hydrodynamic model 

Bozek, PLB.717(2012)287 
The data are close to the model calculations with η/s=0.08 and 0.16
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STAR Identified Particle vn

π/K/p identification by TPC + TOF 

Similar trends observed in A+A collisions 
Mass ordering at low pT (effect of radial flow) 
Baryon/meson splitting at intermediate pT (partonic flow)
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STAR Measurements of azimuthal anisotropies

Event plane method 
Ψn (n>1) determined by TPC(η-sub) and EEMC 

Scalar product method 
STAR, PRC66.034904 (2002) 
vn (n>1) using flow vectors determined by TPC-tracks  
in forward and backward region 

Systematic uncertainty 
variation of track selection 
For v1, EP resolutions from different 3-sub events 
For vn, difference between TPC η-sub and EEMC
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